The long-term study of animal populations facilitates detailed analysis of processes otherwise difficult to measure, and whose significance may appear only when a large sample size from many years is available for analysis. For example, inbreeding is a rare event in most natural populations, and therefore many years of data are needed to estimate its effect on fitness. A key behaviour hypothesized to play an important role in avoiding inbreeding is natal dispersal. However, the functional significance of natal dispersal with respect to inbreeding has been much debated but subject to very few empirical tests. We analysed 44 years of data from a wild great tit Parus major population involving over 5000 natal dispersal events within Wytham Woods, UK. Individuals breeding with a relative dispersed over several-fold shorter distances than those outbreeding; within the class of inbreeding birds, increased inbreeding was associated with reduced dispersal distance, for both males and females. This led to a 3.4-fold increase (2.3-5, 95% CI) in the likelihood of close ( fZ0.25) inbreeding relative to the population average when individuals dispersed less than 200 m. In the light of our results, and published evidence showing little support for active inbreeding avoidance in vertebrates, we suggest that dispersal should be considered as a mechanism of prime importance for inbreeding avoidance in wild populations.
INTRODUCTION
Natal dispersal, defined as the distance moved by an individual from its birth place to the site of its first reproduction (Howard 1960; Greenwood 1980; Clobert et al. 2001) , is a key life-history event with relevance for many aspects of evolutionary biology, ecology and conservation biology: it alters gene flow; changes allele frequencies within and among populations (Clobert et al. 2001) and influences the distribution and abundance of organisms ( Johnson & Gaines 1990) . Three factors are most often proposed to be important contributors towards the evolution of dispersal (Gandon & Michalakis 2001) . Dispersal may have evolved in order to reduce competition between relatives (Hamilton & May 1977) , owing to the temporal variability of the environment (Olivieri et al. 1995; Gandon & Michalakis 1999) or it may function as a means of inbreeding avoidance. The consequence of inbreeding, defined as the mating of individuals sharing ancestors ( Wright 1922) , is increased genome-wide homozygosity. This, in turn, causes inbreeding depression, which is mediated either through overdominance (where heterozygous individuals have superior fitness relative to homozygous equivalents) or most often due to the expression of deleterious recessive alleles (Lynch & Walsh 1998; Charlesworth & Charlesworth 1999; Keller & Waller 2002) . Thus, in the absence of other mechanisms of inbreeding avoidance, the act of dispersing from its natal site may substantially reduce the likelihood of choosing a related individual for mate.
Many studies have investigated the relationship between inbreeding and dispersal from a theoretical standpoint (Bulmer 1973; Bengtsson 1978; Waser et al. 1986; Motro 1991; Gandon 1999; Perrin & Mazalov 1999 , 2000 Roze & Rousset 2005; Guillaume & Perrin 2006) . The outcome of these theoretical studies varies greatly depending on their initial assumptions. Ultimately, this leads to a trade-off between simple models with reduced realism, or complex models where estimating the relative importance of each parameter and the size of interactions between them becomes increasingly difficult (Gandon & Michalakis 2001) . Using a game-theoretical approach, Perrin & Mazalov (1999) emphasized that inbreeding by itself is unlikely to account for the evolution of dispersal on its own. Undoubtedly, there is much more to dispersal than just inbreeding avoidance; the question is not whether inbreeding affects dispersal or not, but in what way and by how much (Perrin & Goudet 2001) . It is clear that there is a need for empirical studies that explore the interplay between inbreeding and dispersal; such tests should ideally be carried out in a natural setting, where dispersal is under natural selection.
The number of theoretical studies on inbreeding and dispersal contrasts markedly with the very few empirical studies where the costs of inbreeding, and the importance of dispersal as a mean of inbreeding avoidance, have been estimated (Greenwood et al. 1978; Schiegg et al. 2006 ). This paucity of empirical studies is probably partly due to the fact that in order to test the relative importance of inbreeding on the evolution of dispersal, very large numbers of dispersal events, together with a continuous monitoring of a population over a long time scale, are required. Greenwood et al. (1978) explored the relationship between inbreeding depression and natal dispersal using 11 years of data from the long-term study of great tits in Wytham Woods. However, their study did not formally test relationships between inbreeding and dispersal, and only a limited number of inbreeding pairs were identified for which natal dispersal distances could be investigated. The aim of the present study was to use a much more extensive dataset for the same population, involving over 5000 dispersal events recorded over 44 years, to test the relationship between dispersal and inbreeding at different levels. In a previous study, we showed that close inbreeding in this population reduces fitness by 55%, calculated in terms of the number of fledged grand-offspring relative to an outbred pair (Szulkin et al. 2007) . Here, we demonstrate a strong effect of limited natal dispersal on the likelihood of inbreeding, and suggest that dispersal should be considered a fundamental mechanism of inbreeding avoidance in many vertebrate species.
MATERIAL AND METHODS
(a) Study population The great tit Parus major is a small hole nesting passerine bird that has been studied at Wytham Woods (Oxfordshire, UK, 1820 0 W 51846 0 N) since 1947 (Perrins 1979) . The population breeds almost exclusively in over 1000 artificial nestboxes, scattered at variable densities across ca 380 ha of semi-natural deciduous woodland. The number and location of nest-boxes throughout the site, as well as the breeding protocol, have remained fairly constant since 1964; the exact coordinates of all nest-boxes were digitally mapped in 2005 ( Wilkin et al. 2006) . Great tit breeding events are identified by performing regular checks of all nest-boxes in the study area throughout the breeding season. Nestlings are ringed 15 days after hatching, and parents caught and identified while feeding young at the nest. Immigration rates into the population are relatively high, as on average 40% of males and 47% of females breeding in any year within Wytham are born outside the forest (McCleery et al. 2004) ; immigrants are assumed to be unrelated to each other for the purposes of this study. Establishing parental identity, combined with offspring ringing at the nest allowed us to build a pedigree of all breeding birds in Wytham, as well as to determine natal dispersal distances of birds born and breeding in the site. The pedigree relies on the assumption that social fathers are also genetic fathers; extra-pair fertilization, however, can occur, and is estimated to be of the order of 14-19% (Blakey 1994; S. C. Patrick 2006, unpublished work) in this population. But while EPP can change the genetic relationship of an offspring to its social father, with the exception of daughters mating with their social father, it can at most only halve the relatedness of pairs of inbreeding birds, and it does not interfere in our estimates of natal dispersal distance. More detailed information on the collection of life-history data can be found in McCleery et al. (2004) , and discussion on pedigree construction in Szulkin et al. (2007) .
(b) Natal dispersal distances We defined natal dispersal distance as the Euclidean distance between the natal nest-box (or box of rearing in cases where cross-fostering occurred) and the nest-box of an individual breeding for the first time. While some individuals bred more than once in their lifetime (75.4% birds bred only with one partner, 18.2% bred with two, 5% bred with three, 1.1% with four and 0.1% with five different partners), only their natal dispersal distance was taken into account for these analyses. Because dispersal between breeding events is very limited in this population (Harvey et al. 1979) , the natal dispersal distance of a bird effectively reflects its lifetime dispersal, and analyses conducted on all dispersal events yield identical trends as those presented in the study. In rare cases where experiments such as cross-fostering were carried out on a nest and it was impossible to determine the biological identity of nestlings, such individuals were classified as having unknown parents. Similarly, in breeding events where one or both parents were unknown, the offspring were assigned a unique virtual sire and dam identity, which allowed siblings to be identified despite unknown parental identity. Inbreeding occurs when relatives mate, and offspring born from such matings are more likely to carry genes that are identical by descent (Lynch & Walsh 1998) ; the proportion of genes identical by descent will increase the greater relatedness between its parents. The pedigree of all parents and offspring allows coefficients of inbreeding f ( Wright 1922; Keller & Waller 2002) to be estimated for each nestling or breeding event. In this study, we define 'inbreeding individuals' as those mating with a relative, and siring inbred offspring. The highest inbreeding that can occur in birds and mammals within one generation is often described as 'close' inbreeding, and yields offspring with an inbreeding coefficient of fZ0.25. Such inbreeding arises, assuming previously outbred individuals, in the case of brother-sister or parent-offspring mating. We used the software Pedigree Viewer (available at http:// www.personal.une.edu.au/wbkinghor/pedigree.htm) to estimate inbreeding coefficients of all nestlings ringed during the breeding season between 1958 and 2007. In order to facilitate comparison, all breeding events were assigned a particular inbreeding class: if an individual bred only with unrelated partners in its lifetime, its status was defined as 'outbred' ( fZ0.0), and the partners were thus 'outbreeding'. Owing to the substantial pedigree depth in some cases (see Szulkin et al. (2007) for more details), we could detect some low values of inbreeding, which were likely to be the result of high pedigree resolution. We therefore assigned all inbreeding events with non-null inbreeding and f lower than 0.03125, to an inbreeding class defined as fZ0.0002, as the median value of inbreeding for this class was 0.0002. Four classes with successively increasing inbreeding followed: fZ0.03125; fZ0.06125 (first-cousin mating); fZ0.125 (grandparentgrand-offspring/double first-cousin mating); and finally the highest inbreeding class, fZ0.25. Thus, even if an individual once mated with an unrelated mate but then mated with its sibling in the following breeding event, the related partners were qualified as inbreeding ( fZ0.25) in their lifetime.
(d) Statistical analysis
In general, because natal dispersal distances tend to be right skewed, we used square-root transformed data for all analyses where natal dispersal was used as a response variable, but we report untransformed values together with the median and the interquartile range (IQR) in figures and tables as measures of central tendency and variability.
(i) Natal dispersal distance in different inbreeding classes To infer differences in natal dispersal distances between inbreeding classes, we used linear mixed models to control for the potential non-independence of breeding siblings by fitting the breeding event from which the bird originated as a random effect in the models. For the close inbreeding category ( fZ0.25), we excluded values of natal dispersal distances of parents involved in parent-offspring matings, because parental natal dispersal occurred before their offspring were born. In the case of brother-sister matings, we also included only one sibling at random of a pair to avoid pseudoreplication. We fitted the effect of inbreeding on dispersal using a continuous variable with several levels of inbreeding ( fZ0.0, 0.002, 0.03125, 0.0625, 0.125 and 0.25). We additionally fitted a sex!inbreeding interaction, the birth year of the breeding individual (categorical variable), its standardized egg-laying date (calculated as 'egg-laying date'K'average egg-laying date for a given year') averaged over an individual's lifetime, and the distance from the bird's first breeding nest-box to the forest edge as additional explanatory variables influencing natal dispersal. Variables where pO0.1 were dropped from the model. The amount of variance explained by our model was estimated as a proportion of the difference between residual variance when only random effects were included, and the residual variance of the model where both random and all fixed effects taken into account. Natal dispersal distances of different types of close inbreeding (parent-offspring, brother-sister matings) and of outbreeding male and female individuals were further explored using matched pair tests.
(ii) Matched pair tests A comparison of all birds mating with related and unrelated kin is potentially vulnerable to environmental and demographic effects on inbreeding, dispersal or both. For example, both inbreeding and dispersal might be greater when population density is high or in poorer habitats. To take into account such environmental heterogeneity, we matched focal nests where related individuals bred with the closest nest-box where unrelated individuals bred in the same year. Because, in some cases, the closest breeding event yielded information on natal dispersal distance of only one of the two parents (when one individual was born outside Wytham), the closest matched pair nest-box could differ for males and females at a focal nest.
Nest-box coordinates and information on nest-box occupancy for each year were used to generate a matrix of nest-box distances for each year. We used MATLAB v. 7.1 to generate sequences of active nest-boxes (i.e. where a breeding event occurred) that matched focal nest-boxes where f R0.03125 according to the following criteria: (i) male and/or female natal dispersal distances were known, (ii) pair members of matched nest-boxes were unrelated to each other (thus siring offspring with fZ0.0), and (iii) the nest-box was the closest to the focal nest-box satisfying criteria (i) and (ii).
We compared natal dispersal distances of inbreeding and outbreeding individuals from matched breeding events using matched pair t-tests of square-root transformed natal dispersal distances. Because natal dispersal distances of brother-sister pairs are potentially pseudoreplicated (all sibling pairs but one were reared together), we also compared differences in natal dispersal distances between inbreeding siblings and outbreeding individuals using a randomly chosen member of a pair of siblings, maintaining equal proportions of males and females (27 cases of brother-sister matings; 14 males and 13 females included).
(iii) Likelihood of inbreeding The fact that inbreeding individuals may differ in their natal dispersal distances relative to outbreeding individuals does not necessary tell us how the likelihood of inbreeding changes with dispersal distance. We therefore analysed differences in the likelihood of inbreeding with respect to dispersal distance using generalized linear models (GLMs) where inbreeding ( f R0.03125) was fitted as a binomial variable (inbred or not). Additional explanatory variables fitted in the model were sex, the interaction between sex and dispersal distance, an individual's birth year, distance of the first breeding nestbox to the forest edge and standardized egg-laying date. Variables where pO0.1 were dropped from the model. In the case of parent-offspring matings, parental natal dispersal distance occurred before its offspring was born; we therefore excluded parental dispersal distances from the dataset when parents mated with their offspring. When males and females were analysed together, only one sibling of a brother-sister mating pair (chosen at random) was included in the analysis. All statistical analyses were carried out using GENSTAT v. 8.1 (VSN International Ltd).
RESULTS
We analysed 44 years of great tit (P. major) breeding data from Wytham Woods, UK, which yielded 5289 male and female records of natal dispersal events for which we could estimate relatedness. Natal dispersal distances, as measured between the natal site and the first breeding event within a pair of individuals, differed between the sexes, as expected, with females dispersing 49% further than males on average (median and IQR: males 528 m (298-931, nZ2772); females 788 m (456-1338, nZ2517)). We identified 78 cases of natal dispersal distances where individuals were inbreeding at fZ0.25 in their lifetime (out of which 54, 8 and 16 individuals were involved in brother-sister, father-daughter and motherson matings, respectively), and 25, 45, 29 and 554 cases where individuals were inbreeding at fZ0.125, 0.0625, 0.03125 and 0.0002, respectively.
Individuals that mated with kin and sired inbred offspring dispersed shorter distances than individuals who bred with unrelated mates ( figure 1; table 1 ). Although the trend for a relationship between inbreeding and short dispersal distances appears to be stronger for females, the interaction between sex and inbreeding was not significant and was thus removed from the final model (table 1) .
(a) Matching inbreeding and outbreeding pairs living at close proximity Because recorded dispersal distances can be influenced by small-and large-scale environmental heterogeneity, we used a matched pairs approach to compare each inbreeding pair with the nearest outbreeding pair in the same year. The median distance between matched nestboxes was of 96 m (68-140 m IQR) for males and 103 m (70-157 m IQR) for females (see table 2 for distances between matched nest-boxes in different inbreeding classes). For each inbreeding class but the lowest one ( fZ0.0002), we found a significant effect of mate relatedness on individual natal dispersal distance (table 2); the mean natal dispersal distance was Inbreeding and dispersal M. Szulkin & B. C. Sheldon 705 significantly shorter for both males and females that mated with kin compared with outbreeding birds.
Dispersal distances of individuals involved in different types of close inbreeding, defined here as siring offspring with fZ0.25, differed considerably from each other. Parent-offspring matings typically resulted from offspring hardly dispersing at all from their natal site, while parental natal dispersal distances did not differ from dispersal distances of outbreeding individuals (table 2; figure 2). Siblings that mated with each other, in contrast, dispersed shorter distances than would be expected for either males or females (table 2; figure 2). For individuals that mated with both related and unrelated kin in their lifetimes, there was no clear evidence that inbreeding occurred closer to their natal site (paired t-test Z1.82, d.f.Z59, pZ0.074), as the median dispersal distance while inbreeding was of 308 m (136-430, nZ32) for males and 410 m (195-692, nZ28) for females; median dispersal distance while outbreeding: 363 m (193-508, nZ32) for males and 383 m (223-692, nZ28) for females.
(b) Likelihood of inbreeding when breeding close to home Individuals that mated with a related partner dispersed shorter distances relative to birds mating with unrelated partners; this, in turn, led to a significantly increased likelihood of inbreeding for those individuals that dispersed short distances (table 3; figure 3 ).
The likelihood of inbreeding at fR0.03125 exceeded the population average when birds dispersed less than 632 m (515-778 m, 95% CI ), while the likelihood of close inbreeding ( fZ0.25) increased 3.4-fold (2.3-5, 95% CI ) relative to the population average when birds dispersed less than 200 m. The importance of natal dispersal distance on the likelihood of inbreeding was equally large when males and females were analysed separately (table 3) .
DISCUSSION
Using a large and long-term dataset that allowed the estimation of many dispersal events for wild great tits, we found that birds mating with kin disperse shorter distances than those who outbreed. Moreover, males and females that do not disperse far are substantially more likely to inbreed than individuals dispersing longer distances. Hence, we show that there is a direct relationship between natal dispersal distances and the likelihood of inbreeding, for both males and females. Below, we discuss the implications of these findings for understanding the operation and evolution of inbreeding avoidance mechanisms and dispersal in general. Hansson et al. (2007) suggested that, in most situations, dispersal should be a sufficient inbreeding avoidance mechanism; however, direct evidence for a link between dispersal and inbreeding is scarce. Greenwood et al. (1978) showed a trend for reduced natal dispersal distances of birds mating with kin using a dataset of Wytham great tit breeding data spanning from 1964 to 1975, yet the results were not always clear-cut, nor were they formally tested. Using a long-term dataset spanning from 1964 to 2007 of the same great tit population, we could test the relationship between dispersal and inbreeding with greater power and resolution. We are aware of only one other study that has directly tested the relationship between dispersal and inbreeding. Schiegg et al. (2006) showed that in the cooperatively breeding red-cockaded woodpecker Picoides borealis, the offspring of females that dispersed short distances from their natal site were more likely to be inbred. There was no evidence that this was the case for dispersal of their fathers and, interestingly, remaining on the natal territory was not associated with an elevated risk of inbreeding at all.
While dispersal distances vary depending on the inbreeding group considered in our study, it is noteworthy that birds involved in inbreeding with other than firstorder relatives (e.g. fZ0.03125) were also found to disperse shorter distances than outbreeding individuals. These classes of inbreeding differ from those involving first-order relatives because the inbreeding individuals need not necessarily have encountered each other previously, and the dispersal events can be considered to be independent; in the case of first-order relatives breeding, limited dispersal might result from nonindependent dispersal. Sex differences in dispersal tended to be more marked with lower inbreeding coefficients, and there are probably two reasons for this: first, short dispersal distances are bounded by zero, while long dispersal distances are limited only by the size of the study site; second, the dispersal distance must converge when the majority of close inbreeding events are for siblings. Individuals involved in close inbreeding ( fZ0.25) dispersed shorter distances than outbreeding individuals, yet this category of inbreeding was not homogenous in terms of patterns of natal dispersal: in parent-offspring matings, parents had an average dispersal distance, whereas offspring dispersal was very limited. Previous work on this population has shown that dispersal by adults between breeding attempts is very limited (Harvey et al. 1979) ; hence these parent-offspring matings seem to result from limited dispersal of only the offspring. Siblings that mated with each other dispersed further than offspring in parent-offspring matings, yet the distances were much shorter than those of outbreeding individuals, and overall contributed to the greater likelihood of inbreeding in short dispersal classes. However, it is notable that some cases of close inbreeding resulted even though a pair of siblings had dispersed further than the median for outbreeding birds (figure 2c,g: two cases of sibling pairs inbreeding having dispersed further than the median). While it has been found that sibling tits often disperse in similar directions, but not necessarily the same distances (Matthysen et al. 2005) , more research is needed into the patterns of pair formation, dispersal and the break-up of family groups after fledging. We do not yet know whether brother-sister mating, the most frequent form of close inbreeding in our study population, is mainly the result of random mating between individuals that dispersed short distances or whether unusually strong pair bonds were formed while in the original family group, which may lead to restricted dispersal. The effect of natal dispersal distances in sib matings seems to vary between species, as a long-term study of blue tits Parus caeruleus in The Netherlands does not show reduced dispersal in cases of brother-sister mating (A. J. van Noordwijk 2007, personal communication) .
Natal dispersal is notorious for its vulnerability to bias: when populations breeding within a limited area are studied, particularly when breeding sites are provided as here, the recorded 'dispersal' trait is limited by a finite number of possible observations, dependent on the position of the natal nest-box in the study plot, the size and shape of the study plot and the distance moved by a bird between its natal and breeding site (van Noordwijk 1984) . While a matched pairs approach has been used in other studies to infer fitness costs resulting from different patterns of dispersal in siblings (as in Pärt 1991) , to test for random mating (Keller & Arcese 1998) or to compare survival relative to sibling heterozygosity (Hansson et al. 2001) , we suggest that it is also an effective way to incorporate environmental heterogeneity, including factors that are unmeasured. While methods aimed at establishing the true nature of the natal dispersal distribution are currently being developed (van Noordwijk 2006; unpublished manuscript) , the use of matched pairs of observations (this study) provides a simple yet powerful alternative to more complex models aiming to control for environmental heterogeneity.
Depending on initial assumptions, conclusions of theoretical models investigating factors shaping the evolution of dispersal vary, and give varying weight to the importance of inbreeding to dispersal. For example, Guillaume & Perrin (2006) suggested that inbreeding should have a limited impact on the evolution of dispersal; by contrast, Roze & Rousset (2005) find that inbreeding may substantially influence the evolution of dispersal, Table 3 . Natal dispersal influences the likelihood of inbreeding (coded as '0'/'1', and equivalent to '1' whenever f R0.03125) in males and females. (GLM with binomial error distribution and logit link. Parents from parent-offspring matings are excluded from the analysis, and only one randomly chosen sibling from brother-sister pairs is included when both sexes are analysed together. while Perrin & Mazalov (1999 , 2000 suggest that inbreeding avoidance cannot be the only selective pressure shaping dispersal, and define its influence on dispersal as 'complex'. A clearly lacking element is empirical testing of the relationship between inbreeding and dispersal. While our study is of the current association between inbreeding and dispersal, it suggests that selection may still act to favour increased dispersal due to the risk of inbreeding, as the likelihood of inbreeding increased particularly steeply for very short distances. For example, individuals that dispersed less than 200 m have a likelihood of 2.8% (1.9-4.1%, 95% CI ) of close ( fZ0.25) inbreeding. Given a 55% reduction in terms of fledged grand-offspring caused by this level of inbreeding (Szulkin et al. 2007 ) in this population, the expected reduction in fitness due to inbreeding, for individuals dispersing less than 200 m, is of the order of 1.5% (1.0-2.3 95% CI ). Although selection differentials against limited dispersal due to inbreeding alone are currently relatively weak, it must be emphasized that our calculations are based on the current situation where dispersal is already operating as inbreeding avoidance behaviour. As stated by Pärt (1996) , current frequencies of inbreeding inherently include dispersal as an inbreeding avoidance mechanism, and it is therefore noteworthy that inbreeding apparently still causes selection against short distance dispersal even at its current state. Of course, a full assessment of selection on dispersal behaviour is very challenging, and would require experimental manipulation of dispersal over a large scale, with the concomitant problem that fitness estimates for different classes of dispersers may be biased.
While we have shown evidence for a link between inbreeding and dispersal, we are not in favour of 'unifactorial' hypotheses (Lambin et al. 2001) such as those that argue that dispersal functions primarily to avoid close inbreeding. Several other factors are very likely to influence the evolution of dispersal, such as competition for mates and resources (Hamilton & May 1977; Greenwood 1980) or the temporal variability of the environment (Olivieri et al. 1995; Gandon & Michalakis 1999) . Our findings, however, simply strongly support the fundamental importance of dispersal as a mean of inbreeding avoidance, and suggest that inbreeding avoidance is an important element in the shaping of the evolution of dispersal.
An increasing number of studies show no evidence for active inbreeding avoidance through kin discrimination, as shown by tests of random mating (van Noordwijk et al. 1985; van Tienderen & van Noordwijk 1988; Keller & Arcese 1998; Hansson et al. 2007 ) or of increased rates of EPP in inbred broods (Kempenaers et al. 1996; Foerster et al. 2003; Foerster et al. 2006) , and there are only a few studies suggesting the reverse, which have generally used marker-based estimates of inbreeding (Blomqvist et al. 2002; Eimes et al. 2005; see Griffith & Montgomerie 2003) . Our results are consistent with what would be expected if mating occurred at random, as the likelihood of inbreeding is a function of distance of an individual's breeding site relative to its natal nest. While tests for active inbreeding avoidance through increased rates of EPP, or via direct assessment of kin recognition, have not been performed for this population, their presence, or absence, should not decrease the importance that natal dispersal has on inbreeding. In agreement with the suggestions of Hansson et al. (2007) , this study shows that in this great tit population, natal dispersal distance is a key factor facilitating inbreeding avoidance, which coupled with marked inbreeding depression, suggests that inbreeding avoidance should have played a major role in the shaping of the evolution of dispersal.
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